In this study, we introduce a new method for amide proton transfer imaging based on chemical exchange rotation transfer. It avoids several artifacts that plague conventional chemical exchange saturation transfer approaches by creating label and reference scans based on varying the irradiation pulse rotation angle (p and 2p radians) instead of the frequency offset (3.5 and 23.5 ppm). Specifically, conventional analysis is sensitive to confounding contributions from magnetic field (B 0 ) inhomogeneities and, more problematically, inherently asymmetric macromolecular resonances. In addition, the lipid resonance at 23.5 ppm complicates the interpretation of the reference scan and decreases the resulting contrast. Finally, partial overlap of the amide signal by nearby amines and hydroxyls obscure the results. By avoiding these issues, our new method is a promising approach for imaging endogenous protein and peptide content and mapping pH. Chemical exchange saturation transfer (CEST) may be exploited to provide a contrast mechanism for magnetic resonance imaging, that is, sensitivity to the exogenous CEST agents (1-9) and endogenous exchange sites (10-18). Exogenous agents can be subdivided into diamagnetic CEST agents (9) and paramagnetic CEST agents (1-8) that have much larger chemical shifts and exchange rates. Endogenous agents are characterized by their exchange sites: fast exchanging hydroxyls, slow exchanging amides, and intermediate amines. Amide proton transfer (APT) imaging (14-18), one type of CEST imaging, has shown particular promise for detecting endogenous proteins and peptides and in probing changes in the tissue microenvironment and pH. Possible clinical applications of APT include the characterization of brain tumors, stroke, and multiple sclerosis, and this work introduces a new approach to imaging amide exchange.
Chemical exchange saturation transfer (CEST) may be exploited to provide a contrast mechanism for magnetic resonance imaging, that is, sensitivity to the exogenous CEST agents (1) (2) (3) (4) (5) (6) (7) (8) (9) and endogenous exchange sites (10) (11) (12) (13) (14) (15) (16) (17) (18) . Exogenous agents can be subdivided into diamagnetic CEST agents (9) and paramagnetic CEST agents (1) (2) (3) (4) (5) (6) (7) (8) that have much larger chemical shifts and exchange rates. Endogenous agents are characterized by their exchange sites: fast exchanging hydroxyls, slow exchanging amides, and intermediate amines. Amide proton transfer (APT) imaging (14) (15) (16) (17) (18) , one type of CEST imaging, has shown particular promise for detecting endogenous proteins and peptides and in probing changes in the tissue microenvironment and pH. Possible clinical applications of APT include the characterization of brain tumors, stroke, and multiple sclerosis, and this work introduces a new approach to imaging amide exchange.
Conventionally, off-resonance irradiation is applied to saturate specific exchangeable protons, and the bulk water signal is attenuated through chemical exchange with these saturated protons. By measuring the attenuated water signal, the exchanging protons can be indirectly detected. Narrow bandwidth continuous wave (CW) irradiation is the simplest way to saturate exchanging species in CEST imaging. However, high specific absorption rate and hardware constraints limit its application. Pulsed-CEST imaging, which replaces the CW pulse with a series of shaped radiofrequency (RF) irradiation pulses, was used recently to address these problems (14, 15, 19) . However, by using the pulsed-CEST sequence, the CEST signal becomes dependent on a new set of acquisition parameters, including irradiation flip angle (y), duty cycle, and average irradiation power (B avg power ). Previous works have optimized these parameters within the framework of a conventional CEST experiment (20) or used the signal dependence on y to quantify the solute-water exchange rate (21) . The current work uses the CEST signal dependence on y to design a new approach to creating qualitative CEST contrast. These methods are based on the signal dependence on y, and they form a new subclass of methods we label chemical exchange rotation transfer (CERT) as discussed below.
In conventional CEST experiments, the optimal irradiation power is always comparable with the chemical shift difference between the solute protons and bulk water protons, and therefore results in undesired direct saturation of water protons. In addition, under the influence of the irradiation pulse or pulses, the magnetization transfer between background macromolecules and water also attenuates the water signal. These effects decrease the specificity of CEST imaging and make the CEST signal complex. To compensate for the direct saturation and macromolecular effects, an asymmetry analysis is usually applied by subtracting from the label scan a reference scan with irradiation on the other side of the water resonance. For APT imaging, the CEST contrast is quantified by the subtraction of the label scan with RF irradiation at the amide proton resonance at 3.5 ppm from the reference scan with RF irradiation at À3.5 ppm.
Although the asymmetry analysis provides a method to remove the direct saturation and some macromolecular effects, the subtraction of CEST signals acquired at two sides of water renders CEST imaging sensitive to several confounding effects distinct from solute content or exchange, including magnetic field (B 0 ) inhomogeneities (22) . Even small variations in susceptibility introduce changes in magnetic field that can have large effects on the degree of direct saturation. Correction algorithms including higher order polynomial fitting and centering of the water saturation spectrum (Z-spectrum) and water saturation shift referencing have been proposed (23) . However, this approach requires a series of images over a range of saturation frequency offsets. An additional problem is that the macromolecular proton pool has a slight asymmetry around water, which also introduces errors in quantifying CEST properties by using the asymmetry analysis (24). Zhou et al. established a two-point method, which uses the difference of the conventional contrasts at different physiological perturbations to remove the asymmetric macromolecular effect (14) . Similarly, Sun et al. quantified APT imaging by using the conventional contrast difference between the contralateral and ipsilateral hemispheres with the assumption that any macromolecular effect does not change in the first few hours after ischemia (25) . A compensatory amide proton transfer ratio method, which reduces the asymmetric macromolecular effect by replacing the reference scan with the average of two compensatory scans around the amide proton offset, has also been proposed and might open the door to analyze the data acquired on one side of water only (26, 27) . These approaches have clear limitations, requiring reference tissue with identical macromolecular characteristics or amide peaks clearly isolated from any neighboring contributions. Taking the opposite approach, saturation with frequency alternating RF irradiation (SAFARI) (12) irradiates on both sides of the peak concurrently, and cancels direct saturation and macromolecular effects, by assuming they are linear. However, it does not correct for lipid contributions. A third problem with conventional CEST is its sensitivity to lipids at À3.5 ppm. The lipid signal contributes only to the reference scan, making the amide signal in the label scan difficult to isolate. Such effects are avoidable using lipid suppression pulses (28) or water selective refocusing (29) , but at the cost of reduced signal dynamic range. Finally, influence from nearby amine or hydroxyl sites, especially at low fields, can confound in vivo results and bias quantification (30) . In sum, these problems with the conventional CEST contrast (which is based on saturation asymmetry) place severe limits on practical in vivo applications.
In this article, we introduce a new approach to detecting exchanging protons to remove the direct saturation, macromolecular, and lipid effects, and to edit overlapping metabolite signals on the basis of their exchange rates. The proposed approach, called magnetization transfer double angle ratio (MTR double ) is based on the subtraction of two pulsed-CEST images acquired on one side of water at different y but constant B avg power . Simulations show that the new contrast decreases the dependence on B 0 inhomogeneity and is little affected by the inherent asymmetric macromolecular component or lipids. In addition, the MTR double can be adjusted to be specifically sensitive to amide exchange, and insensitive to amine and hydroxyl exchange, by working as an exchange low pass filter. The influence of amine or hydroxyl exchanging species, caused by their partial overlap in chemical shift, can be filtered out, thereby eliminating a factor which has complicated previous low-field CEST studies (30) .
THEORY
To remove the direct saturation and macromolecular effects, CEST is usually quantified by the magnetization transfer asymmetry ratio;
where (À) represents the offset of the exchanging species and (þ) is the offset on the symmetrically opposite side of the water peak. S 0 is the signal acquired in the nonirradiated control case. The ideal S À should represent the CEST, direct saturation, and macromolecular effects. The ideal S þ should represent only the direct saturation and macromolecular effects, and with each component contribution equal to that in the S À case. Therefore, the subtraction of S À from S þ removes the direct saturation and macromolecular effects in a first-order approximation which models the signal as the linear sum of these contributing components. However, when there is B 0 inhomogeneity, macromolecular asymmetry, or contributions from lipids, this conventional approach breaks down. In pulsed-CEST imaging, simulations (described in the appendix) and experiments indicate that S À varies with y, whereas S þ is largely independent of y (for y > 50 when B avg power is kept constant; see Fig. 1 ), where B avg power is the square root of the mean square applied irradiation. The oscillation of S À with increasing y is caused by the rotation of the solute spin system. The flat plot of S þ is caused by the saturation of water and macromolecules. (Rotation and saturation are distinct phenomenon, and the water is saturated but does not rotate from the off-resonance pulses so long as the adiabatic condition is satisfied. At small y < 50 , where the pulse duration is very short for a given B avg power and the adiabatic condition is not satisfied, S þ depends on y. We will avoid direct rotation of the water by restricting our sequence to large y values.) The difference between S þ and S À is due to roughly equal parts transfer of solute saturation and rotation. While conventional MTRasym contrast combines these effects, the new CERT-based contrast isolates the effects of solute rotation and is defined in the following equation:
Bavg power
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Here, S À (p) and S À (2p) have different solute rotation effects, but approximately the same direct saturation and macromolecular effects. (Note that we are now using units of radians for succinctness.) In essence, S À (p) and S À (2p) play similar roles in MTR double as S À and S þ , respectively, play in MTR asym . Therefore, by subtracting the two signals, MTR double removes the direct saturation and macromolecular effect. In addition, MTR double removes the effects of solute saturation, while isolating the effects of solute rotation. Hence, the resulting total solute effect on the water signal in MTR double is roughly half that of MTR asym . However, by avoiding the conventional reference scan S þ , MTR double is relatively robust to B 0 inhomogeneity and is not affected by macromolecular asymmetry or contributions from lipids.
To maintain constant average power and duty cycle while varying the flip angle y from p to 2p radians, the repetition time between two adjacent irradiation pulses (t pd ) and pulse duration is determined by
where g is the gyro-magnetic ratio of the proton [with units rad/(s T)]. p 1 is the ratio of the average amplitude to the maximum amplitude of the irradiation pulse and p 2 is the ratio of the average of the square of the amplitude to the square of the maximum amplitude of the irradiation pulse. For the Varian standard version Gaussian pulse used in our experiments, p 1 ¼ 0.416 and p 2 ¼ 0.295. Duty cycle was set to be 50% in all our simulations and experiments, because this is sufficient to get near maximum CEST contrast (20) .
METHODS

Sample Preparation
A series of poly-L-lysine (PLL) samples with different pH were used to test the responses of MTR asym and MTR double to amide exchange rate (k sw ) changes. PLL (purchased from Sigma, Catalog No. P1524) samples were prepared with concentration of 10 mg/mL, and pH was titrated to 6.2, 6.7, 7.1, 7.3, and 7.5. A creatine sample containing fast exchanging amines was used to evaluate the exchange low-pass filter effect of MTR double . Creatine (purchased from Sigma, Catalog No. C0780) sample was also prepared with concentration of 10 mM and pH of 7.4. Additionally, boiled egg white was also prepared and scanned to demonstrate the effects of MT asymmetry on MTR double and MTR asym .
To demonstrate the application of the new method, in vivo rat brain measurements were acquired with CW-CEST and pulsed-CEST experiments (with y equal p and 2p radians). Although MTR double uses measurements at both angles (Eq. 2), MTR asym (Eq. 1) uses only the measurement at y ¼ p, because this produces the greatest CEST effect (20) . The main magnetic field (B 0 ) was shimmed and the RF field (B 1 ) was calibrated before experiments.
All in vivo measurements were approved by Animal Care and Usage Committee in Vanderbilt University. Four healthy rats were immobilized and anesthetized with a 2%/98% isoflurane/oxygen mixture. Respiration was monitored to be stable, and a constant rectal temperature of 37 C was maintained throughout the experiments using a warm-air feedback system (SA Instruments, Stony Brook, NY). The measurements were performed on a Varian DirectDrive TM horizontal 9.4 T magnet with a 38-mm Litz RF coil (Doty Scientific Inc., Columbia, SC).
Magnetic Resonance Imaging Sequences
The CW-CEST experiments used a 8.0 s irradiation pulse followed by a multishot spin-echo echo-planar-imaging (SE-EPI) readout (2 shots) with a pulse repetition time of 10.0 s and echo time of 16.4 ms. The field of view was 28 Â 28 mm 2 , with a slice thickness of 2 mm, matrix of 64 Â 64, and receiver bandwidth 250 kHz. Z-spectra were acquired with RF offsets from À2000 Hz to 2000 Hz (À5 ppm to 5 ppm at 9.4 T) with an interval of 50 Hz (0.125 ppm at 9.4 T). B cw was 1.6 mT. For the nonlocalized phantom measurements, B cw was 0.5, 1.0, and 1.5 mT. A control scan was performed to acquire S 0 by setting the RF offset to 20,000 Hz.
The pulsed-CEST experiment used a series of Gaussian RF irradiation pulses followed by a multishot SE-EPI readout (2 shots). Crusher gradients (with alternating sign) were applied between each irradiation pulses to spoil residual transverse magnetization. A total of 600 irradiation p pulses or 300 irradiation 2p pulses were FIG. 1. Simulated (a) and experimental (b) signal of label scan S À (dash) and reference scan S þ (solid) in ideal case vs. y at 9.4 T with a B avg power of 1.6 mT. Note that an oscillation is found in S À , but not S þ at larger y (y > 50 ). A dip and peak occur at around p and 2p radians, respectively, representing the maximum and minimum transfer effects. The arrows indicate the approximate contributions of direct water and macromolecular saturation, transfer of solute saturation, and transfer of solute rotation. Experiments were performed on a PLL sample with pH 6.7.
Detecting Exchanging Amide Protons Using CERTperformed before acquisition to ensure the CEST system reached steady state. For the in vivo measurements, B avg power was 1.6 mT, duty cycle was 50%, pulse repetition time and pulse duration are 13.5 ms and 6.8 ms for p, and 27.0 ms and 13.5 ms for 2p, respectively. For the nonlocalized phantom measurements, B avg power was varied between 0.5, 1.5, and 2.5 mT. Imaging parameters were the same as that used in CW experiments.
To correct for B 0 inhomogeneity for the conventional CEST data, a water saturation shift referencing Z-spectrum (23) was also acquired using the CW-CEST sequence (with a 1000 ms block saturation pulse) with RF offset varied from À0.25 ppm to 0.25 ppm with a step of 0.0125 ppm and RF field strength (B cw ) of 0.1 mT.
Parameters Fitting
The Z-spectra obtained from the CW-CEST experiments on the PLL and creatine phantoms with B cw of 0.5, 1.0, and 1.5 mT were fitted to a two-pool model (water/ solute) by setting the magnetization derivative in the Block equations to zero. The longitudinal relaxation time for bulk water (T 1w ) was separately determined by an inversion recovery experiment to be $2.8 s. Longitudinal relaxation times for solute protons (PLL and creatine) (T 1s ) were set to 1 s for fitting the CW-CEST data. The solute proton frequency offset from water was set to 760 Hz to match the 1.9 ppm offset of the exchanging amine protons in the creatine phantoms, and 1440 Hz to match the 3.6 ppm offset of the exchanging amide protons in the PLL phantoms. The fitted k sw are 97 s À1 , 166 s À1 , 360 s
À1
, 712 s À1 , and f s are 0.0004 for PLL samples with pH 6.7, 7.1, 7.3, 7.5, respectively. The fitted k sw is 410 s À1 and f s ¼ 0.0003 for the creatine sample with pH 7.4 which will be used to represent fast amine exchange. Because of difficulty fitting the CW-CEST spectrum for the PLL sample at pH ¼ 6.2, k sw for this sample was approximated assuming base catalyzed exchange (11) and extrapolating from the pH ¼ 6.7, 7.1, 7.3, and 7.5 results using,
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The resulting k sw for pH ¼ 6.2 is 33 s À1 .
RESULTS
Conventional CEST experiments vary the RF saturation frequency offset relative to water, referred to as the Zspectrum (31) . A macromolecular asymmetry ratio (MTR asym ) spectrum is usually generated through asymmetry analysis of the Z-spectrum. In this study, an MTR double spectrum was generated by the subtraction of two Z-spectra at p and 2p radians. Figure 2 Fig. 3 . Although the conventional MTR asym (3.5 ppm) varies considerably with B 0 (68% for a 100 Hz B 0 shift), MTR double (3.5 ppm) does not (3% for a 100 Hz B 0 shift). Note that because MTR double (3.5 ppm) is based on measurements at a single frequency (unlike MTR asym (3.5 ppm)), any B 0 shift simply shifts the resulting MTR double spectrum, with no change in the Z-spectrum shape (see Fig. 2f ). Therefore, the integral or maximum of MTR double does not change.
Conventional CEST experiments often use MTR asym to detect changes in the solute content (f s ) or the exchange rate between solute and water (k sw ). Figure 4 plots MTR asym (3.5 ppm) (a) and MTR double (3.5 ppm) (b) as a function of f s in the ideal case, with B 0 shift, with macromolecular asymmetry, and with lipids. Figure 5 plots MTR asym (3.5 ppm) (a) and MTR double (3.5 ppm) (b) as a function of k sw under the same conditions. While changes in f s or k sw induce linear changes in MTR asym , nonideal conditions add a significant offset. Similar complicating effects have been seen in previous studies, where, for example, the amide peak cannot be detected in a rat tumor model (14) . Instead, the difference between tumor and healthy tissue is taken under the implicit assumption that the signal offset is equal for all tissues. MTR double requires no such assumptions because the relationships between f s , k sw , and the measured signal are only modestly affected by nonideal conditions, allowing a more robust and specific measure of the underlying sample parameters.
Over 10 exchange sites have been identified in biological systems (14, 30, (32) (33) (34) . All those exchange sites can be roughly separated into three categories: amide protons (exchange rate of 1 to several 100 s À1 ), amine protons (exchange rate of 100-1000 s À1 ), and hydroxyl protons (exchange rate of several 1000 s À1 ) (31). Signals from amide protons might be influenced by the nearby amine or hydroxyl sites, especially on low field scanners, where there is diminished frequency separation. The problem is more severe for pulsed-CEST, as the bandwidth of RF pulses is wider than the very long single pulse in CW-CEST imaging. However, Fig. 6a (tissue simulations),b (phantom experiments) indicate the MTR double (3.5 or 3.6 ppm), but not MTR asym (3.5 or 3.6 ppm), has a strong exchange rate selectively. Figure 6c,d indicates that the shape of this filter depends on B avg power . Very roughly speaking, MTR double (3.5 or 3.6 ppm) selects for k sw < gB avg power (e.g., selects very roughly for k sw < 400 s À1 when B avg power ¼ 1.5 mT in Fig. 6c ). This property can be used as an adjustable exchange low pass filter to get rid of the influence from relatively fast amine exchange sites. In both the simulation of white matter (Fig. 6c) and the experimental results in PLL phantoms (Fig. 6d) Figure 7a ,c gives the Z-spectrum at 9.4 T for egg white and a typical rat brain result acquired with the pulsed-CEST sequence. Note the separation between the y ¼ p and 2p lines (see arrow), corresponding to the exchange of rotated amide magnetization. Also note that this separation is not affected by the signal on the opposite side of water, and hence, avoids macromolecular asymmetry and lipid effects. Therefore, the difference between the pulsed-CEST signals at 3.5 ppm with y of p and 2p gives a new contrast, which is robust in the presence of nonideal factors. 
DISCUSSION
In this study, we provide a new method for detecting exchanging protons based on two acquisitions at y values of p and 2p on one side of water to increase the robustness and specificity of APT imaging. The measured water signal oscillates between minimum (y ¼ p) and maximum (y ¼ 2p) values due to the transfer of the rotated solute magnetization. By keeping B avg power constant, subtraction of the two images cancels contributions from direct water saturation, macromolecular effects, and even solute saturation (see Fig. 1 ), thereby isolating rotation effects. In this sense, the proposed measurement is best described as CERT.
A previous work (21) introduced CERT effects in order to quantify exchange rates assuming symmetric macromolecular pools. In this work, CERT effects underline a new contrast metric, similar to conventional CEST contrast, but with increased robustness to B 0 inhomogeneity, lipid content, and asymmetric macromolecules. In addition, because rotation transfer effects are damped under rapid exchange (20) , CERT has inherent filtering of fast exchange sites. Note that MTR double (3.5 or 3.6 ppm) is specifically sensitive to slow exchange, whereas MTR asym (3.5 or 3.6 ppm) is sensitive to a broad range of exchange rates. Simulated (c) and experimental (d) MTR double (3.5 or 3.6 ppm) as a function of k sw for B avg power of 0.5, 1.5, and 2.5 mT. Note that the MTR double (3.5 or 3.6 ppm) sensitivity range depends on B avg power , with a cutoff exchange rate of roughly gB avg power . Simulations used tissue parameters (as described in the Appendix). The experiments were performed on PLL samples with pH 6.2, 6.7, 7.1, 7.3, and 7.5. The k sw on the x-axis in (b) and (d) is from fitting (see ''Parameters Fitting'' section). e: Simulated MTR asym and MTR double in a multipool model with two exchange sites (k sw ¼ 500 s À1 at 2.5 ppm and k sw ¼ 50 s À1 at 3.5 ppm) for B avg power of 0.8 mT. f: Experimental MTR asym and MTR double on a PLL sample with pH 6.7 (amide exchange site: k sw ¼ 97 s À1 and f s ¼ 0.0004 at 3.6 ppm) and creatine sample with pH 7.4 (amine exchange site: k sw ¼ 410 s À1 and f s ¼ 0.0003 at 1.9 ppm) for B avg power of 0.8 mT. Note in (e) and (f) that the fast exchange site was removed by using MTR double .
A recent pulsed saturation technique (35) called Z-spectroscopy with alternating-phase irradiation has similarities to CERT in that both distinguish saturation and rotation effects. However, Z-spectroscopy with alternating-phase irradiation methods limit this separation of effects to water protons by using a sinusoidal envelope to approximate the near-resonance effects of macromolecules, whereas the proposed CERT method instead isolates the contribution of exchanging amides using a series of RF irradiations that selectively rotate the amide magnetization by p or 2p radians (while maintaining constant macromolecular and direct saturation effects). Although several additional works (e.g., Ref. 36) have also used amide inversion pulse trains, they have not varied the pulse angle while maintaining the pulse power, the key step in isolating amide exchange effects.
Varying the pulse angle from p to 2p radians while maintaining the same average power requires changes in the pulse duration and, hence, bandwidth. However, simulations (not shown) indicate that the full width at half maximum of the amide dips for p and 2p pulses (with B avg power of 1.6 mT) are 1.0 ppm and 0.8 ppm, respectively, which are much less than the frequency difference between amide and water (3.5 ppm). Hence, such pulse duration changes have little effect at the simulated high field, but may be relevant at lower field strengths.
The proposed CERT MTR double contrast is half that of conventional CEST MTR asym . However, by acquiring data at a single frequency, MTR double has dramatically increased robustness and specificity. This robustness eliminates the need to make unrealistic tissue assumptions, for example, that the solid-like macromolecular content that contributes to conventional MTR experiments is unchanged in tumors. [MTR asym analysis of tumors has typically taken the signal difference between normal and cancerous tissue and ascribed this difference solely to amide exchange effects (16, 37, 38) .] However, quantitative magnetization transfer experiments (39) indicate that macromolecular content decreases roughly two times in tumor compared with normal tissue.
In all our experiments and simulations, the spin systems were measured at steady state. Figure 8a gives S À (p), S À (2p), S þ (p), and S þ (2p) as a function of saturation time. Note that, as expected, S þ (p) and S þ (2p), but not S À (p) and S À (2p), are approximately equal at any saturation time, because B avg power dictates macromolecular and direct saturation effects when there is no saturated exchanging solute. Figure 8b gives MTR double (3.5 ppm) and MTR asym (3.5 ppm) as a function of saturation time. Note that the transient time of MTR asym (3.5 ppm) is approximately equal to that of MTR double (3.5 ppm). In some CEST experiments on humans (28, 40) , CEST signals are acquired before the spin system achieves steady state to save irradiation time and decrease specific absorption rate. Figure 8 shows that our double angle method, like conventional CEST, works in the nonsteady-state condition.
As our method is based on the CEST dependence on irradiation flip angle, it is sensitive to B 1 inhomogeneity. Figure 9 gives MTR double (3.5 ppm) and MTR asym (3.5 ppm) as a function of B avg power (from 90% to 110% of the nominal values). Note that, unlike in MTR asym , the nominal value is always optimum for MTR double because it corresponds to p and 2p pulses. Roughly 15% changes were found for MTR double (3.5 ppm) and MTR asym (3.5 ppm) when B avg power varies by 10%. Note also that MTR double remains robust to nonideal conditions (as in Fig. 2 ) when there are B 1 inhomogeneities, because, for example, any MT effects are similarly affected by B 1 in both y ¼ p and 2p scans, and hence cancel under subtraction.
In this study, the MTR double (3.5 ppm) was found to be sensitive to the ratio of k sw to B avg power . At slow exchange rates, MTR double is a rising and roughly linear function of k sw (see Figs. 5b and 6b ). At intermediate rates (k sw /gB avg power $ 1), MTR double is a falling function of k sw . At faster exchange rates (k sw /gB avg power ) 1), MTR double approaches zero (see Fig. 6b ). Therefore, B avg power dictates the k sw sensitivity of MTR double . However, there is an upper limit to B avg power . At high B avg power (or low offsets), the irradiation pulses are no longer adiabatic with respect to the water magnetization and the resulting direct rotation of water complicates the MTR double dependence on solute concentration and exchange. This effect can be seen in the separation of the y ¼ p and 2p lines at low offsets (in Figs. 2a-d and 7a,c) and the resulting rise in MTR double (in Figs. 2f and 7b,d) . The adiabatic condition can be quantified by Detecting Exchanging Amide Protons Using CERTand w is the angle between B eff and B 1 . When g ) 1, the adiabatic condition is satisfied. Figure 10 plots the minimum g during a gaussian irradiation pulse. It is a rapidly decaying function of B avg power and static field strength. As Fig. 10 makes clear, this g ) 1 requirement has little effect for relevant B avg power values at 9.4 T, but is likely to create significant power constraints at 3 T and 1.5 T.
CONCLUSIONS
In this study, we provide a new approach to measuring APT which is based on the subtraction of two pulsed-CEST acquisitions on one side of water, but with different irradiation pulse angles. Simulations and experiments show that at 9.4 T the proposed MTR double , while roughly half the magnitude, is more robust than traditional CEST MTR asym contrast in many nonideal cases (B 0 shift, asymmetric macromolecular effects, lipids, and nearby exchange sites).
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APPENDIX
Numerical Simulation and Data Processing
Simulations were performed with a multipool model (amide solute pool, amine solute pool, lipid pool, macromolecular pool, and water pool), which contains 13 coupled Bloch equations and can be written as
, where A is a 13 Â 13 matrix. The water, two solute pools, and lipid pool each have three coupled equations representing their x, y, and z components. The macromolecular pool has a single coupled equation representing the z component, with an additional term for saturation effects (41) . A super-Lorentzian absorption lineshape [which best fits biological tissue (42) (43) (44) ] was used for the macromolecular pool in all simulations of the phantom. The super-Lorentzian lineshape goes to infinity at zero offset, so a linear extrapolation from 61 kHz was used instead, similar to Ref. 45 . All numerical calculations of the pulsed-CEST signal integrated the differential equations through the pulse sequence using the ordinary differential equation (ODE) solver in Matlab. The simulation stopped when the difference in magnetization differed by less than 0.01% from that of the previous repetition. Spoiling was modeled by nulling the transverse components of the magnetization before and after the irradiation pulse. The acquired signals are assumed to be proportional to the summation of z magnetization of the water and lipid pools.
Simulation parameters include: exchange rates between water and amide solute pool (k sw1 ), amine solute pool (k sw2 ), and macromolecular pool (k mw ) are 50 s Simulations were performed in the ideal case and four nonideal cases. The ideal case is a three pool model with amide protons, symmetric macromolecular protons, and water protons, all in a uniform B 0 field. For the B 0 shift case, a frequency shift of À50 Hz (except where noted) was added. For the macromolecular asymmetry case, a 2.34 ppm offset was added to the macromolecules. For the lipid case, nonexchanging lipid protons were added. The simulated signal is the sum of water and lipid signal without exchange. (Characterizing any possible coupling between the lipid and water peaks is an area of active research, but our key results will be independent of any coupling, because our proposed method avoids lipids saturation.) For the multiple CEST exchange sites case, amine protons were added. Each nonideal case was simulated separately, e.g., the lipid case assumes a uniform B 0 field, symmetric macromolecules, and no amines. All simulations were performed with D 1 ¼ 1400 Hz (9.4 T), except where noted.
To investigate the rotation of solute and saturation of water and macromolecular pool, signals (in the ideal case) from the label scan (3.5 ppm) and reference scan (À3.5 ppm) were simulated with y from 20 to 800 with step of 20 ( Fig. 1) . To study the CEST effects in ideal and three nonideal cases, Z-spectrum, MTR asym , and MTR double were simulated with RF offsets from 5 ppm to À5 ppm with step of 0.125 ppm (2000 Hz to À2000 Hz with step of 50 Hz) (Fig. 2) . To further investigate the CEST effect with B 0 inhomogeneity, MTR asym (3.5 ppm) and MTR double (3.5 ppm) were simulated with B 0 shift from À200 Hz to 200 Hz with step of 50 Hz (Fig.  3) . To study the CEST effects vs. f s and k sw in ideal case and three nonideal cases, simulations were performed with f s from 0.0005 to 0.0025 with step of 0.0005 and k sw from 10 s À1 to 100 s À1 with step of 10 s À1 (Figs. 4  and 5) . To study the character of the exchange low pass filter of our double angle method, MTR asym (3.5 ppm) and MTR double (3.5 ppm) were simulated in the ideal case with k sw from 20 s À1 to 1000 s À1 with step of 20 s À1 (Fig. 6a,c) . MTR asym and MTR double were also simulated with multiple exchange model (amide/amine/symmetric macromolecular/water) (Fig. 6e) . MTR asym (3.5 ppm) and MTR double (3.5 ppm) were calculated by using Eqs. 1 and 2. B avg power was set to be 1.6 mT except where noted.
